University (Katsura compus, Nishikyo-ku, Kyoto 615-8540, Japan) 2 Member of JSCE, Dr. of Eng., Prof., DPRI, Kyoto University (Yoko-oji, Fushimi, Kyoto 612-8235, Japan) 3 Member of JSCE, Dr. of Eng., Assoc. Prof., DPRI, Kyoto University (Yoko-oji, Fushimi, Kyoto 612-8235, Japan) 4 Member of JSCE, Dr. of Eng., Assis. Prof., DPRI, Kyoto University Fushimi, Japan) Urban inundation has particularly been reported to lead to extensive property damage and casualties due to the concentration of people and properties in highly urbanized areas. The sewer system is one of the most important components of urban inundation analysis. The numerical simulation model developed for this study consists of a 1D slot model of sewer pipe flow, and estimates head loss between manhole and sewer pipes based on the rigid column theory. In order to obtain validation data, the fundamental laboratory experiments were conducted so as to estimate the effects of head loss depending on different manhole shapes with no benching and no invert. First, straight case experiments were conducted to evaluate the head loss with circular and square type manhole shapes under the steady state condition. Next, unsteady state experiments were conducted. Finally, a numerical simulation model was tested and validated to confirm the model's applicability in using head loss coefficients obtained from laboratory experiments. Simulation results demonstrated high agreement with experimental data, so the newly developed model can be used to analyze urban sewerage systems.
INTRODUCTION
Rapid urbanization has resulted in various social problems. With increasing urbanization, drainage and water quality requirements have drastically complicated the construction of sanitary sewer and storm water systems. The hydraulic characteristics of a drainage system often reveal many complex phenomena, such as backwater effects from outlet boundaries or hydraulic structures, confluence interactions at manholes, and interchanges between pressurized pressure flow and free surface flow conditions. Additionally, these characteristics may cause serious problems, such as inundation caused by a lack of sewer pipe capacity, blown-off manhole covers, sewer pipe rupture and soil erosion 1) . Normally, sewer systems are designed to carry free-surface flow where the energy losses are neglected for simplicity. The friction head losses are major losses in pipes, and they can be predicted with relative accuracy using the Darcy-Weisbach equation 2) . It is possible to neglect energy losses while designing sewer systems that feature free surface flow, but under pressurized conditions, the energy losses may exceed the friction losses and reduce system capacity significantly; thus, consideration of the energy losses is necessary. The minor losses caused by junctions, sewer inlets, house connections, and other appurtenances in many pressurized sewer systems exceed the friction losses and reduce system capacity significantly 3) . Recently, pressurized flow has been occurring more frequently in sewer systems due to the growth of urbanization, increased impermeable layers, complex sewer pipe configurations and increased rainfall frequency due to climate change. The determination of pressure changes across the junction box requires ascertaining the vertical distance between the inlet and outlet hydraulic grade lines (HGLs) at the manhole, as shown in Fig 1. Sangster et al. 4) define the loss coefficients to be
where K is the head loss coefficient, ∆h is a pressure head change between entrance and exit pipe, g is the acceleration due to gravity, and V is the mean velocity in the pipe. This equation has been used by Marsalek 3) , Pederson and Mark 5) and Wang et al 6) . Wang et al. 6 ) constructed a physical model of a manhole/pipeline system for head-loss measurements and conducted laboratory experiments to determine the head losses at sewer pipe junctions (manholes) under pressurized conditions. They suggested an empirical formula, which can estimate head loss coefficients, and reported that head loss is insensitive to the amount of pressurized discharge, but depends heavily on the configuration of the flow, the relative flow rate, and the change of the pipe diameter. Merlein 7) developed a mathematical model using the predictor-corrector method, which can calculate water depth change under unsteady conditions; however, that model can only calculate the water depth of manhole as it was assumed that manholes hydraulically behave like surge tanks. Supercritical flow at a sewer junction in a 45° junction manhole was studied by Del Giudice and Hager 8) , and a 90° junction was investigated by Gisonni and Hager 9) .
Zhao et al. 10) conducted a model study for a 25.8° combining junction with two inflows and one outflow. Zhao et al. 1) conducted experiments to improve understanding of flow regimes in sewer junctions.
Head losses at sewer junctions are affected by flow rate, junction geometry, adjoining angles and the change in pipe diameter between the inflow and outflow lines. To better understand these complicated hydraulic features and accurately simulate flows in a complicated sewer system, an unsteady flow model based on the solution to the full hydrodynamic equations is needed to consider the head loss phenomena.
Therefore, in this study, fundamental laboratory experiments to estimate the head losses depending on manhole shape were carried out under the various circumstances without benching or invert. First of all, straight cases were conducted in order to evaluate the head losses depending on manhole shape circular and square type. Finally, the numerical simulation model was developed and tested to confirm the model's applicability based on the experimental data from laboratory experiments. Fig. 2 shows a schematic of the experimental facility. The experimental setup was designed to estimate head losses between manhole and pipes regarding different manhole shapes. There is an upstream input discharge tank of 0.3m×0.5m×1.0m and a downstream water tank of 0.3m×0.5m×1.5m with a movable gate to adjust the downstream water level. Each tank is connected to a manhole by the transparent acrylic pipes of 4m in length and 0.05m in diameter with zero slope. Two flow meters were installed in order to measure input discharge and confirm a steady state condition, with each meter placed just in front of the header tank and just before the downstream outlet header tank, as shown 
EXPERIMENTAL SETUP
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in Fig. 2 . The input discharge can be supplied to the upstream tank through the circulation pump. The pump can be accurately controlled by the RPM controller. Each pipe has eight piezometer tubes, and they are used to read the water head at the bottom of the pipes. Four of them were set at intervals of 1.0m, and the remaining four were set at intervals of 0.1m to read a water head carefully placed near the manhole, as shown in Fig. 2 . There is a piezometric tube panel where all piezometric tubes come together with a scale bar so that it is easy to read all the piezometric tubes at once.
There are two kinds of manhole shapes, which can be categorized according to type (circular and square). The square shaped manhole (0.15m ×0.15m×1.0m), circular type manhole (Diameter = 0.15m, 1.0m height), and downstream tank are made from a transparent acrylic sheet.
EXPERIMENTAL CONDITION
In total, 18 case experiments were carried out to estimate head losses at the manhole using circular and square type manholes with no benching and no invert under the steady state condition. Each circular and square case has nine cases, and the experimental case begins from an approximate 3.0l/s inflow discharge at the upstream with the fixed downstream water level at the downstream tank, and the input discharge is gradually decreased by approximately 0.3l/s per case. The selected hydraulic conditions and detail hydraulic parameters are summarized in Table 1 . The elevation of the bottom of the pipe is used as a datum to measure the water level, since there is no slope.
After execution of the experiments under the steady state condition, unsteady condition experiments were carried out in order to obtain the validation data that estimates the model's applicability using manhole head loss coefficients calculated from steady state experiments. Unsteady experiments can be conducted by changing the water level of the downstream tank. At first, the downstream water level is maintained with a movable gate located downstream, and the water level is increased to reach an elevation of 0.5m and then decreased to 0.05m with constantly changing velocity of the downstream water level. The same hydraulic conditions are used with both the circular and square manholes, and more detailed information of the unsteady condition experiments has been summarized in Table 2 .
EXPERIMENTAL RESULTS
The objectives of this study are to recognize the hydraulic characteristics at the manhole depending on the changing of various conditions and to obtain validation data to verify the newly developed numerical simulation model. Head loss coefficients of different types were obtained depending on manhole shape (circular and square type).
To measure the head loss coefficients according to the different manhole shapes, the two pipes case experiments were conducted under steady state conditions using circular and square manhole shapes. Fig. 3 shows the comparison of the experimental results under the steady state condition for both cases. Head loss at the manhole can be calculated using eq. (1) as the slopes of this graph represent the head loss coefficients of square and circular shapes. The obtained head loss coefficients are 0.259 and 0.235 for square and circular type manholes, respectively. As shown in Fig. 4 , it is clear that pressure head losses occurred at the manhole.
NUMERICAL MODEL
The numerical simulation model developed in this study consists of a 1D slot model 5) , which has the advantage of simulating open flow and pressurized flow patterns at once, for sewer pipe flow, and estimates head loss between the manhole and the sewer pipe based on the rigid column theory 6) . General sewer pipe flow is calculated based on 1D momentum and the continuity equation, and manhole head loss is calculated by a general dynamic equation derived from rigid column theory.
(1) 1D sewer pipe model
The Preissmann slot concept is used to analyze one-dimensional unsteady flow in a sewer pipe. The governing equations of pipe flow are as follows:
where A is wetted cross section, Q is discharge, u is flow velocity, R is hydraulic radius, and n is roughness coefficient (n=0.012 is adopted for the sewer pipe in this study), H p is piezometric head (H p = z p + h), z p is bottom elevation of pipe, and h is water depth in pipe. The water depth h can be calculated by eq. (4).
where f is a function that expresses a relation between the flow cross section area and water depth in the pipe, A 0 is the pipe's cross section area, D is the pipe diameter and B s is slot width determined as follows:
where a is the pressure wave velocity and is the main factor to determine slot width. 5.0m/s is used for pressure wave speed of the sewer pipe. Computational meshes are 0.20m for the sewer pipe and 0.15m for the manhole, and the finite difference method is adopted.
(2) Manhole model
The continuity equation is used to calculate the water depth of the manhole.
where A m is the horizontal area of the manhole, Q in is the inflow discharge from the upstream pipe and Q out is the outlet discharge to the downstream pipe.
(3) Consideration of manhole head loss
A dynamic equation 7) derived from rigid column theory is used to consider the manhole head loss at the connection portion between the manhole and outlet sewer pipe. The equation is as follows:
where dx is the average length between the manhole and the first pipe grid, dH is the water depth of the manhole, dh is head losses according to 
MODEL VARIFICATION
The numerical model, which can simulate sewer pipes with manholes, was developed through the interaction of the combination of the 1D momentum equation and the dynamic equation based on the rigid column theory, in which the head losses at the manhole are treated according to differences in the manhole shapes. In the steady state cases, the pressure wave speed and roughness coefficient were determined with the piezometric head of the sewer pipe under simple hydraulic conditions using obtained head loss coefficients as 0.259 and 0.235 for square and circular type manholes, respectively. In the unsteady state cases, applicability of the newly developed model with the obtained manhole head losses depending on manhole shapes is validated with changes in downstream water level.
(1) Steady-state cases
Eight experimental cases were carried out for each manhole shape. (2) Unsteady-state cases Fig. 5 (a) and (b) show the simulated and experimental pressure head profiles at different piezometric tubes according to manhole shape difference under the unsteady-state condition. The measurement points of square type manhole cases were the upstream tank and pipe segments no. 2, no. 8, no. 9, and no. 14. The circular type cases were Fig. 5 (c) and (d) show the simulated and experimental water depth profiles at the square and circular type manholes, respectively. Video cameras were used to record water depth variation in the manholes. It is clear that water depth changes in the manhole are directly affected by downstream water level changes. Simulation results from both cases show very good agreement with experiments, not only in the trajectory of the water depth but also with regards to the maximum water depth in designed study cases. This indicates that the newly developed model can be used to analyze sewer pipe flow and manhole with consideration of manhole head loss related to different manhole shapes.
CONCLUSIONS
To investigate the effects of head losses at the manhole depending on variations in manhole shape, laboratory experiments were conducted under the various experimental conditions using the straight pipe with no benching and no invert. Measured head loss coefficients depending on different manhole shapes are 0.259 and 0.235 for square and circular type manholes, respectively. additionally, one-dimensional numerical model was developed for computing the hydraulic characteristics of the pipe flow with the manhole. The proposed model was tested under different experimental conditions using different manhole shapes under unsteady state conditions as well as steady state conditions.
The newly developed numerical model has the ability to consider interaction through the combination of the 1D momentum equation and the dynamic equation based on the rigid column theory, in which the head losses at the manhole are treated according to differences in the manhole shapes.
The simulated results of the pressure head profile in the sewer pipe and water depth variation in the manhole are in good agreement with the experimental results, not only under the steady state, but also under the unsteady state condition. It is expected that the developed model can be used to analyze sewerage systems incorporating sewer pipe and manhole.
However, only straight pipe cases with manholes were considered in this study. Generally, sewerage systems in urban area are very complex. There are many factors that must be considered, such as various pipe configurations near the manhole, benching and invert effect, storm water storage boxes, and so on. Therefore, in the next study, the above mentioned phenomena and structure should be considered to develop a more accurate sewerage system analysis model.
